ABSTRACT We studied the phenologies of phorid ßies from the genus Pseudacteon; their host, the native tropical Þre ant (TFA), Solenopsis geminata (F.); a second native ant, Monomorium minimum (Buckley); and the non-native red imported Þre ant (RIFA), Solenopsis invicta Buren, at a site in Austin, TX. We took a census on an hourly basis from dawn until dusk once a month for a year (July 1998 ÐJune 1999. Previous studies have focused largely on the RIFAÕs escape from natural enemies (e.g., phorid parasitoids) as an explanation for the antÕs competitive success. Here, we show that the RIFA has additional advantages over its native congener. We found the RIFA had a signiÞcantly greater association than the TFA with extremes in ambient temperature, relative humidity, and light levels. However, M. minimum was found at temperatures that were signiÞcantly higher than for the RIFA. Native TFA-speciÞc phorids had activity patterns that were similar to their hostÕs. In addition, we documented the expansion of RIFA foraging territory in relationship to that of the TFA. This occurred throughout the year, so expansion was due to actual competitive takeover by mature RIFA colonies, rather than by establishment of new colonies. Predictions about the activities of South American phorids introduced to control the RIFA in North America are discussed.
THE RED IMPORTED Þre ant (RIFA), Solenopsis invicta Buren, is a serious pest wherever introduced, including the United States where it continues to spread despite quarantines and use of insecticides. In recent years, biocontrol agents from the RIFAÕs native South America have been explored with special attention paid to the genus Pseudacteon of phorid ßies. These parasitoids attack their host above ground at foraging trails and disturbed mounds (Orr et al. 1995 (Orr et al. , 1997 . Although infection by a single phorid egg will kill a worker ant, the primary biocontrol effect is not through direct mortality. Rather, it is achieved through overall suppression of normal ant activity: Pseudacteon ßy presence adversely affects their hostsÕ ability to forage and/or compete against other species of ants (Feener 1981 (Feener , 1988 Folgarait and Gilbert 1998) . Therefore, the desired biocontrol effect is achieved indirectly by reducing the ability of the RIFA to compete for resources with the native ant community. Porter et al. (1992 Porter et al. ( , 1997 proposed that where the RIFA has been introduced, its success was, in part, due to the absence of key natural enemies that created an ecological imbalance favoring the RIFA over native species of ants. One native species that seems to have suffered is the tropical Þre ant (TFA), Solenopsis geminata (F.).
We studied the native TFA, its phorid ßy parasitoids (Pseudacteon spp.), and the RIFA with the intention of better understanding their population dynamics where the RIFA is introduced. We assumed that the ecology and natural history of the native species, the TFA and its phorid parasitoids, would have predictive value for the ecology and natural history of introduced congeners. This study expands on information obtained by previous studies of the native system (e.g., Morrison et al. 1999) in the following ways:
(1) It documents the phenology of phorid ßies and the two species of Þre ants from dawn until dusk, on one day of each month (except December), for one year. This method allowed us to expand what was known about the circadian and circannual temporal dynamics of the phorid ßies and the Þre ants. (2) Our study area was relatively small (only 25 ϫ 45 m), whereas previous studies had included much larger areas. This allowed us to examine the effect of microhabitat on the system and gave us insight into the importance of a heterogeneous habitat for the native system. (3) Unexpectedly, we were able to verify the assumptions that polygyne RIFA spread and competitive take-over occurs by budding. Rather than measure take-over in terms of a moving front censused once a day over weeks, we measured the same spot many times a day once a month over one year. This allowed us to describe the takeover on a Þne scale within microsites and document how space utilization by the different ant species and native phorids changed over time. (4) Finally, we compared the environmental conditions under which non-Solenopsis native ant species occurred with the environmental conditions under which the RIFA was present. This information gives an idea of how some native ant species and the RIFA have partitioned the abiotic environment to coexist successfully.
Materials and Methods
Ant Censuses. Field studies were completed at Circle C Ranch, Travis County, TX. The site is described in Morrison et al. (1999) . Two transects were laid out such that one was in territory entirely occupied by the RIFA, and the other was in territory entirely occupied by the TFA. Although the original transects were laid out to sample both species equally, we expected to Þnd either species in either transect (Fig. 1) .
Each transect included six sample spots of Ϸ1 m 2 , hereafter referred to as microhabitat sites. To increase the range of environmental conditions, we selected a variety of microhabitats; two of the microhabitat sites of each transect were classiÞed as shaded, two as open, and two as edge. Shaded sites were completely in the shade of vegetation, although the shade was often patchy during the day. Open sites had no overhead vegetation but were shaded sometimes in the early morning or evening. Edge sites were at the edge of tree canopies and received approximately equal time in shade and direct sun.
The RIFA and TFA transects were censused hourly for ants and phorids from dawn until dusk one day each month for the months of July 1998 ÐJune 1999 (except December). Although Solenopsis spp. forage at night, the ßies will not ßy in darkness (Morrison 1999 ). Because we were interested in a three-way species interaction, we did not collect data at night. The bottom six pie charts make up the RIFA transect, the middle six pie charts compose the original TFA transect, and the top six pie charts represent the TFA transect after it was moved (see Methods and Materials). The pie charts summarize the percent frequency that each Solenopsis sp. was found at that microhabitat site totaled over the entire study. Microhabitats labeled "S" were shaded, "O" were open, and "E" were edge microhabitats. Light gray areas represent tall, scrubby vegetation. White areas represent grasses and forbs.
Hot dog slices were placed on 5 ϫ 5 cm paper squares at each microhabitat site until either the RIFA or TFA was seen on the paper square or until 15 min had passed, whichever occurred Þrst. The time of Þrst appearance and species of Þre ant were recorded. If other species of ants visited the bait, the species of ant and time were also recorded.
Fire ant colonies often built underground foraging trails that emerged under baits. Once this occurred, ants occupied a bait continuously over a broad range of conditions. To avoid such sampling bias, the bait was placed in a slightly different spot with each census, but always within 1 m of the data logger (see below) that marked the microhabitat site.
Phorid Fly Census. Each hour after the ants were censused and baits removed, we checked for the presence of phorid ßies. White plastic trays (25 ϫ 18 ϫ 7 cm), each containing Ϸ1.0 g (Ϸ650 ants) of TFA workers, were used to attract native phorid ßies. The inside walls of the arena were coated with Fluon (polytetraßuorethylene: ICI Fluropolymers, Exton, PA) to prevent workers from escaping. Trays were shaded to protect the ants from desiccation. Any phorid ßies attacking the TFA workers in the trays were easily seen against the white background. To census each transect, trays were placed at one each of the shade, open, and edge microhabitats. For the next hourly census, the alternate shade, open, and edge microhabitats were censused, so that all spots were censused at 2-h intervals. A phorid census ended when a ßy was caught (using an aspirator) at a tray or when 15 min had passed without observing a ßy. The time at which a ßy was seen at a tray was recorded.
We used 20ϫ hand-held lenses to identify female Pseudacteon phorids. Species-level determination in the Þeld was not possible for males. Females of Pseudacteon bifidus Brown were identiÞed by ovipositor shape. Pseudacteon browni Disney and Pseudacteon spatulatus (Malloch) could be distinguished from P. bifidus, but could not be distinguished from each other without higher magniÞcation. Therefore, we lumped P. browni and P. spatulatus into "P. spatulatus complex" group. After identiÞcation, ßies were released where they had been captured.
Data loggers (Hobo, H8 Family, Onset Computer, Pocasset, MA) were placed at each of the 12 microhabitat sites to measure ambient temperature (ЊC), relative humidity (%RH), and light level (lux) every 60 s for the duration of each study day.
Soil samples were taken at each of the 12 microhabitat sites in the morning of each census day, except August and September 1998. Soil was weighed, dried at 105Ð115ЊC for 24 h, and then weighed again to obtain percent soil moisture.
Results
Expansion of RIFA into TFA Territory. Initially (July 1998), the RIFA and TFA populations were segregated to their respective transects: the RIFA was found consistently in the RIFA transect, and the TFA was found consistently in the TFA transect (Fig. 1) .
However, their distributions changed radically over the year, which provided the opportunity to document RIFA take-over on a small scale. During the Þrst monthÕs census (July 1998), we saw the RIFA at all six microhabitat sites of its transect and the TFA at all six of the microhabitat sites of its transect. Three months later (October 1998), the RIFA expanded its foraging territory into two of the TFA microhabitat sites. By November 1998, the TFA was found at only one edge microhabitat site. In January and February, there were no TFA found on either transect, and the RIFA was found at 10 of the 12 microhabitat sites. By noon on the March 1999 census, it was apparent that the RIFA had completely taken over the TFA transect. Therefore, we moved the TFA transect 8 m north, which was closer to TFA mounds. We found TFA on three of the new sites later that day. Again, however, the RIFA began invading the new TFA transect, and by June 1999, the TFA was found at only two of the new sites, whereas the RIFA was found at all six of the new TFA-transect sites.
Circannual Phenology of Fire Ants. The RIFA foraged above ground year round but were less active in winter. In contrast, the TFA did not forage above ground during the coldest months, November through February. This is not the case throughout the TFAÕs distribution, because it forages in winter in southern Texas where temperatures are warmer (R. Patrock, personal communication).
During the monthly censuses, the TFA visited only one of the six original RIFA microhabitats. The Þve microhabitat sites that were never occupied by the TFA were analyzed using stepwise regression to analyze data for variables associated with RIFA presence. The variables were minimum daily ambient temperature (R 2 ϭ 0.17), average daily % RH (R 2 ϭ 0.14), average daily ambient temperature (R 2 ϭ 0.14), minimum daily % RH (R 2 ϭ 0.14), morning % soil moisture (R 2 ϭ 0.09), maximum daily ambient temperature (NS), occurrence of rain within the previous week (NS), and occurrence of rain within the previous month (NS). The Þrst Þve variables accounted for 68% of the variability in RIFA presence at RIFA-exclusive sites.
Circannual Phenology of Phorid Flies. With respect to annual cycles of activity, phorid ßies were most plentiful on census days (data totaled over all hourly censuses per date) in July and August 1998 (Fig. 2) . They were present as early as April and as late as November. The absence of phorid ßies on the October census date is likely explained by the fact that the scheduled census occurred on an unseasonably cold day. For all censuses except November, there were more male than female ßies.
Our data show that Pseudacteon spp. differ in circannual phenology (Fig. 3) . Females from the P. spatulatus complex emerged early in the year and were found throughout summer and then again in November. It is possible that this complex of ßies is active year round when weather allows. In contrast, P. bifidus was only present from midsummer through the fall.
Over the year, TFA-speciÞc Pseudacteon phorids were captured at least once at each of the 12 microhabitat sites regardless of distance to TFA territory (max distance, Ͻ30 m). Therefore, we conclude that the apparent absence of phorids during the months of January, February, and October was due not to failure to capture them but to actual absence of active adults.
Circadian Rhythms of Fire Ants and Phorid Flies.
The following results were calculated using data only from those months when the TFA was active (i.e., JulyÐNovember 1998, MarchÐJune 1999).
Ambient Temperature. Ambient temperatures at which the RIFA (n times found at bait ϭ 761, mean Ϯ SD ϭ 27.17ЊC Ϯ 7.25), the TFA (n times found at bait ϭ 242, mean Ϯ SD ϭ 30.68ЊC Ϯ 6.74), and phorid ßies (n times found at bait ϭ 159, mean Ϯ SD ϭ 31.47ЊC Ϯ 4.58) were present at the microhabitat sites varied signiÞ-cantly (analysis of variance [ANOVA] , F-test ϭ 58.42287, P ϭ 0.0001). The minimum and maximum temperatures associated with TFA activity were less extreme than those of the RIFA (Fig. 4) . This is also evident in Fig. 5 , where the extremes of the RIFA curve extend beyond the extremes of the TFA curve, although the average temperature at which the TFA was found was greater than those for the RIFA (mean difference ϭ Ϫ3.51, Scheffé F-test ϭ 24.16, P Ͻ 0.05). Not unexpectedly, the average temperature at which the phorid species censused were found was not signiÞcantly different from that of its host (TFA versus phorid ßies: Mean difference ϭ Ϫ0.79, Scheffé F-test ϭ 0.65, NS).
Relative humidity. The relative humidity at which the RIFA (n ϭ 739, mean Ϯ SD ϭ 67.47 Ϯ 22.90), the TFA (n ϭ 235, mean Ϯ SD ϭ 55.22 Ϯ 24.20), and phorid ßies (n ϭ 153, mean Ϯ SD ϭ 57.88 Ϯ 20.41) were present at the microhabitat sites varied signiÞ-cantly (ANOVA, F-test ϭ 7.03582, P ϭ 0.0001). The minimum and maximum relative humidity associated with TFA activity were signiÞcantly less extreme than those of the RIFA (Fig. 6 ; RIFA versus TFA: mean Light level. Because the data were clearly not normal, analyses for minimum and maximum light levels at which the RIFA, the TFA, and phorid ßies were present were completed using Wilcoxon signed-ranks. All three were found in near-dark lighting conditions (minimum light level Z ϭ Ϫ1.692, P ϭ 0.09). However, there were differences for maximum light level (Z ϭ Ϫ4.197, 0/23 ranks, P ϭ 0.0001). Fig. 7 shows that the TFA were less likely to forage in areas of high light levels than the RIFA (Z ϭ Ϫ3.408, 0/15 ranks, P ϭ 0.001). Unlike ambient temperature and relative humidity, TFA and phorid presence distributions differed for light level (Z ϭ Ϫ3.180, 0/13 ranks, P ϭ 0.0015; Fig. 8 ).
Circadian Rhythm of Phorid Flies. We found a strong correlation between earliest and latest phorid appearance versus average daily temperature. The warmer the weather, the earlier the ßies appeared in the morning (n ϭ 7, R 2 ϭ 0.73), and the later they were active in the evening (n ϭ 7, R 2 ϭ 0.65). Census of Non-Solenopsis Ants. We recorded 10 non-Solenopsis spp. of ants at baits. They were Monomorium minimum (Buckley) (n ϭ 153), Paratrechina   Fig. 5 . RIFA, TFA, and phorid ßy presence versus temperature (ЊC). Ordinate represents the number of times the RIFA, the TFA, or phorid ßies was present at a bait at a particular temperature. Monomorium minimum was found at ambient temperatures (n ϭ 153, 29.69ЊC Ϯ 6.51) that were not signiÞcantly different from those for the TFA (n ϭ 137, 30.50ЊC Ϯ 6.14) (mean difference ϭ Ϫ0.82, Scheffé F-test ϭ 1.200, P ϭ NS) but was found at signiÞcantly higher ambient temperatures than the RIFA (n ϭ 322, 27.94ЊC Ϯ 7.13) (mean difference ϭ 1.74, Scheffé F-test ϭ 6.544, P ϭ 0.01). M. minimum was found at lower percent relative humidity (n ϭ 150, 48.82%RH Ϯ 21.88) than the RIFA (n ϭ 309, 63.68%RH Ϯ 24.38) (mean difference ϭ Ϫ14.86, Scheffé F-test ϭ 40.056, P ϭ 0.0001) and the TFA (n ϭ 130, 60.99%RH Ϯ 22.50) (mean difference ϭ Ϫ14.86, Scheffé F-test ϭ 40.056, P ϭ 0.0001). Conversely, M. minimum was found at higher light levels (n ϭ 145, 1.23 (log 10 lux) Ϫ2 Ϯ 0.23) than the RIFA (n ϭ 300, 0.75 (log 10 lux) Ϫ2 Ϯ 0.39) (mean difference ϭ 0.48, Scheffé F-test ϭ 160.76, P ϭ 0.0001) and the TFA (n ϭ 136, 1.13 (log 10 lux) Ϫ2 Ϯ 0.38) (mean difference ϭ 0.10, Scheffé F-test ϭ 7.234, P ϭ 0.01).
Discussion
The RIFA has proven to be an extremely successful competitor among ant species where it has been introduced, and one reason is undoubtedly the lack of RIFA-speciÞc natural enemies (e.g., phorid parasitoids). This study documents two additional mechanisms by which the RIFA outcompetes the TFA in central Texas. First, the RIFA is more tolerant of extreme environmental conditions. Second, it competitively limits TFA niche use by taking over territory when the TFA becomes less active during cold weather.
RIFA Tolerance of Extreme Climate. Our data showed that the RIFA forages at signiÞcantly greater extremes of temperature. The RIFA forages in the winter at temperatures as low as 10ЊC. Overall, we have observed that the RIFA is more active on the soilÕs surface than the TFA during DecemberÐFebru-ary. Furthermore, the RIFA is active above ground at temperatures higher than those tolerated by the TFA.
We found signiÞcant differences in ambient temperature, light level, and relative humidity presence/ absence data when comparing the RIFA or the TFA to the little black ant, M. minimum, which is a native species of ant that coexists with the RIFA. The little black antÕs success could be due to chemical repulsion (Rao and Vinson 1999) or niche partitioning.
Temporal Niche Use and RIFA Spread. We documented month-to-month expansion of the RIFA into TFA territory, even during the warmest and coldest parts of the year (i.e., not solely during the usual reproductive seasons of spring and fall). Therefore, the invasion was not by means of sexual reproduction but by expansion of existing RIFA colony territory. Although previous studies have shown that competitive replacement of the TFA by the RIFA occurs by a gradual spread of RIFA territory (Porter et al. 1988) and that polygyne colonies reproduce asexually by budding (Vargo and Porter 1989) , this is the Þrst study to show that RIFA expansion occurs year round. Moreover, we suggest that the temporal difference in niche use documented here is key to success of the RIFA when in competition with ants that reduce activity during cold weather.
General Application. The information presented here has at least three applications. First, our work can be used to determine the optimal life stage and time of year for release of Pseudacteon ßies. If adult Pseudacteon ßies native to Brazil and Argentina have phenologies similar to their North American congeners, then they can be released from early spring to late fall. However, if their phenologies mirror their hostÕs phenologies, then the imported Pseudacteon ßies could be released on any hospitable day, year-round.
Also crucial to establishment is releasing ßies at the optimal time of day. Phorid ßy release requires more than releasing the ßies into a Þeld where Þre ant mounds are plentiful. Rather, the ßies are released directly over disturbed mounds or ant-covered baits and given ample opportunity to attack at the time of release. This is because ßies released even under these labor-intensive pampered conditions are rarely, if ever, seen again. Their progeny, however, will emerge and, in turn, begin the next generation.
Second, information gained about TFA-speciÞc Pseudacteon ßies could be used by those interested in TFA-speciÞc phorid ßies as biocontrol agents where the TFA is an introduced pest (Way et al. 1998 , Veeresh 1990 , Reimer et al. 1990 ).
Third, increased understanding of the conditions required by the TFA and its parasitoids could be used in conservation. The ultimate goal of our work is to reduce the impact of the RIFA and restore native systems. Many species of ants have been affected by the RIFA. Once the RIFA population has been reduced, what we have learned about the native species will be valuable for restoring the native system.
